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ABSTRACT
Annealing of Encapsulated Heavy Metals from Brine Water Utilizing Microwave Enabled Sol-Gel Process
Adam M. Flynn
October 26, 2021

Various waste encapsulation strategies have been investigated to solidify and stabilize heavy metal
wastewater for proper long-term storage. This work aims to enhance a method of novel sol-gel
encapsulation of heavy metals from mock brine waters using tetramethyl orthosilicate with the addition
of an annealing step at various temperatures in order to reduce leaching of metals from the silica
monoliths when exposed to water. The metals tested for encapsulation and leaching were mercury (II)
chloride, potassium dichromate, sodium selenite, boric acid, cadmium chloride, and copper (II) acetate.
The annealing of the silica monoliths led to an increased degree of for both anionic and cationic
contaminants.
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INTRODUCTION

Many water compliance and treatment scenarios are focusing on the implementation of zero-liquid
discharge (ZLD) technologies instead of simply by removing the impurities from the water and
discharging it into the environment. ZLD is a popular engineering approach to water treatment where
the goal is to recover water as much as possible and concentrate impurities in a separate stream as solid
waste for disposal [1-3]. The separated and purified water can be recycled and reused, leaving no liquid
discharge at the end of the treatment cycle.
To enhance solid disposal and overcome leaching challenges, Kearns et al [4], from the same research
group that the authors are from, developed a novel proof-of-concept of a one-step sol-gel encapsulation
– chemical and physical – using only tetramethyl orthosilicate. Kearns et al demonstrated that the
concept of sol-gel encapsulation is an efficient method to solidify and chemically stabilize various brine
waters and process waters of varying pH and solid content from a midwestern coal-fired power plant.
Solids undergo a massive volume reduction upon drying at room temperature, and therefore no energy
input is required. The encapsulated solids successfully retained positively charged trivalent chromium,
copper (II), and mercury (II) ions during leaching analyses, while struggling to retain negatively charged
selenate (SeO42-) ions. All three positive species were retained within the silica monolith by 85-95% after
leaching in DI water for one day, while only 2% of the negatively charged, selenium as selenate, was
retained. The positively-charged metals were fixated to the negatively-charged silicate network leading
to strong leaching resistance for transition metals and other positively charged species.
To improve the previously developed sol-gel process for solidification/stabilization (S/S) and ZLD
technologies, the authors planned to address the challenge of retaining negatively charged ions. In this
paper, selenate (SeO42-), selenite (SeO32-), hexavalent chromium (Cr2O7-), and borate (B[OH]4-) will be
used to study the retention of negatively charged species within the sol-gel monoliths. Selenite and
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selenate are the two most common soluble forms and the two most dominant species of selenium
found in process waters. Studying both selenate and selenite will allow for a more comprehensive
understanding of selenium encapsulation and retention [5]. Hexavalent chromium will be studied as
opposed to trivalent chromium because hexavalent chromium compounds are significantly more toxic
and environmentally damaging than trivalent chromium [6, 7]. Mercury (Hg2+), Copper (Cu2+), and
Cadmium (Cd2+) will be used to further study and confirm the high retention of positively charged
species within the monoliths.
Process waters from coal power plants, oil/gas extraction brine water, metal-plating facilities, mining
sites, electronic device manufacturing units, and agricultural facilities could contain significant
concentrations of selenium, mercury, chromium, cadmium, and copper that must be treated before
discharge in order to comply with their state and federal permits [8, 9]. Each of these selected metals
are common heavy metals of industrial wastewater streams and can have a very serious and long-lasting
impact on human health and the environment if uncontrollably discharged. The consequences for
continual release of toxic levels of heavy metals are serious for the environment and for human health.
Human exposure has risen dramatically as a result of an exponential increase of heavy metals use in
several industrial, agricultural, domestic and technological applications [10]. Although some heavy
metals are necessary nutrients for biochemical and physiological functions in humans, high levels of
exposure produce cellular and tissue damage leading to a variety of adverse effects and human diseases.
For example, while chromium is an essential element for humans in trace amounts, too much chromium
exposure can lead to dermatitis, damage to liver, kidney circulation, nerve tissue damage, and death in
large doses [11]. Selenium is essential for male and female reproduction and has healthy immune
function, but studies show excessive selenium can cause high risk of skin cancer and increased mortality
[12, 13]. Mercury induces severe alterations in the body tissues and causes a wide range of adverse
health effects [10, 14]. Cadmium causes gastrointestinal tract erosion, pulmonary, hepatic or renal injury
2

and coma [10, 15]. Because of the dangers of high exposure to these heavy metals, it is very important
to develop methods to reduce amounts present in wastewater. Due to the aforementioned health and
environment effects, these metals need to be removed and separated from the process water before
being discharged to the environment. Once separated from water, these metals need to be properly
handled and landfilled with minimal to zero leachate from their disposal process. Most landfills are
remote and the owners do not desire to have a continuous leachate water treatment operation. That is
why leachability of these metals is a challenge for any encapsulation and ZLD approach.
Various waste encapsulation strategies have been investigated to solidify and stabilize heavy metal
wastewater for proper long-term storage. One prominent strategy of metal disposal used to handle
power plant waste involves a cement-based solidification/stabilization process which has the capability
of trapping metal ions and can be stored in a landfill [16, 17]. However, the major challenges of
stabilization and solidification methods such as this include the large volume of encapsulated solids
produced, the uncertainty of encapsulating negatively charged metals such as chromium and selenium,
and the leaching of these ions over time. In this work, the method of novel sol-gel encapsulation of
heavy metals from mock brine waters developed by Kearns et al [4] will be improved upon by adding a
thermal treatment step, annealing the sol-gel monoliths at various temperatures in order to reduce
leaching of negatively charged species. We demonstrate that the concept of sol-gel encapsulation
followed by annealing is an efficient method to solidify and chemically stabilize brine waters with
various heavy metals, and the annealing of monoliths reduces leaching of negatively charged
contaminants from the solidified waste.
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MATERIALS/METHODS
Preparation of Mock Wastewater Solutions
Mock solutions containing heavy metals of interest to be used for sol-gel encapsulation were prepared.
Sodium selenate was mixed with twice deionized water to prepare a 15ppm Se solution containing only
hexavalent selenate. Potassium dichromate, sodium selenite, boric acid, cadmium chloride, and copper
(II) acetate were mixed with twice deionized water to prepare a “five-metal solution” containing 15
ppm each of Cr, Se, B, Cd, and Cu. Mercury (II) chloride, potassium dichromate, sodium selenite, boric
acid, cadmium chloride, and copper (II) acetate were mixed with twice deionized water to prepare a “six
metal solution” containing 15 ppm each of Hg, Cr, Se, B, Cd, and Cu. These mock solutions were used as
a simulated wastewater brine to be encapsulated with the sol-gel method.
Preparation of Encapsulation Monoliths
For sol-gel encapsulation experiments, 2mL of Tetramethyl Orthosilicate (TMOS) was added to 3 mL of
twice deionized water and vortexed for 30 seconds. The mixture was then microwaved for 15 seconds at
a power of 1000W. After microwaving, 5mL of the desired mock wastewater solution was quickly added
to the solution and mixed for another 30 seconds using a vortex. The mixture was left at room
temperature for 24 hours to allow the solution to undergo gelation. The gel was then placed in an
incubator at a temperature of 75 degrees Celsius for 48 hours to achieve further drying and avoid rapid
drying during the annealing step. This procedure was used to prepare encapsulation monoliths with
varying contaminants that were then subjected to different post processing conditions before
undergoing short-term leaching tests.
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Annealing of Encapsulation Monoliths
Monoliths were annealed using a vacuum furnace from Applied Test Systems, Inc. with nitrogen flow at
50 g/L. Monoliths were annealed at varying temperatures (not annealed, 175C, 225C, 275C, 325C, 375C)
for 2 hours. Nitrogen flowed into the furnace at 50 cm3/min. After annealing, the monoliths were cooled
at room temperature for 24 hours before leaching tests.
Leaching Tests
Each monolith was submerged in 5mL of twice deionized water and left for 24 hours. After 24 hours, the
monolith was removed, and the remaining liquid was filtered using 0.45 um syringe filters. The filtered
liquid was then analyzed using an IRIS Intrepid II XSP inductively coupled plasma atomic emission
spectrometer (ICP-AES) from Thermo Scientific to determine if the heavy metals of interest had leached
out of the monolith.
ICP-AES Analysis
Heavy metal adsorption was analyzed using an IRIS Intrepid II XSP Inductively Coupled Plasma Atomic
Emission Spectrometer, ICPAES. Mercury detection required the use of an HGX-200 advanced
membrane Cold Vapor (CV) attachment which enables the reduction of Hg2+ (liquid phase) in the
sample to ground-state mercury Hg0 (gas phase). The sample and Sn(II)Cl are pulled by the peristaltic
pump into the mixing block where the reduction takes place. The mixture then travels to the Gas Liquid
separator where the liquid drains while the gas is pushed through the separator by the carrier gas
Argon, into the ICPAES for the quantitative analysis. Percent removal was determined by comparing the
signals of blank-corrected untreated mock wastewater samples to mock wastewater samples which had
been treated by adsorbents.
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RESULTS AND DISCUSSION
Process
Figure 1 shows a general schematic of the process of synthesizing the glass monoliths. Tetramethyl
Orthosilicate is hydrolyzed in a glass bottle through the addition of deionized water and application of
energy through a microwave for 15 seconds. The reaction of TMOS with water results in the formation
of silicic acid and methanol. After microwaving, the evaporated methanol is allowed to escape from the
bottle through a vented lid for 15 seconds. The mock wastewater solution containing heavy metals of
interest is then added to the hydrolyzed TMOS solution (silicic acid) and mixed thoroughly using a
vortex. The solution is stored at room temperature for 24 hours to allow condensation and gelation. The
process of condensation occurs as 2 silicic acid groups react and form SiO 2 bonds while losing water. The
silicic acid groups eventually form a gel monolith, and the water is evaporated from the monolith. To
ensure that most of the water is evaporated from the gel and to avoid rapid evaporation of water during
the annealing step, the gels are stored in an incubator at 75 degrees Celsius for 48 hours. The dried silica
monolith is then annealed at a specific temperature (175-375 degrees Celsius) in a vacuum furnace for 2
hours. A color change of the silica monolith, as seen in Figure 2, suggests the formation of an alloy
between silica and the heavy metals at higher temperatures, which contains the heavy metal ions
interstitially within its atomic lattice. The annealed monolith is then placed in deionized water, allowing
heavy metals to leach into the water for 24 hours. The water with potential leachate is extracted and
analyzed using ICP-AES.
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Figure 1. Schematic demonstrating synthesis of glass monoliths using hydrolysis and condensation of
Tetramethyl Orthosilicate (TMOS) and vacuum furnace annealing.

TMOS reacts with water to form methanol and silicic acid once all four of the hydrolysable groups have
reacted. The silicic acid groups react with each other to form an SiO 2 bond upon condensation of water.
This SiO2 bonding leads to the formation of the gel monolith, which is further dried to form the silica
glass structure [18, 19].
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The presence of heavy metals within the solution can lead to the formation of a bond with the heavy
metal ions and silica network during the hydrolysis and condensation phase, as well as the gel drying
and annealing stage [20-24]. The ions can be isolated within the silica structure or can be clustered
together at higher concentrations [25]. However, heavy metals leach from the silica glass when
reintroduced to water over a period of time, suggesting that the water is breaking the bond formed
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between the silica and heavy metals during gelation/drying. Silica species carry a negative charge and
should be more capable of retaining positively charged species compared to those with negative charge
[26].
Leaching Results
The key aim of this study is to evaluate and confirm the usefulness of the annealing step and its ability to
prevent leaching of heavy metals, particularly negatively charged ions, from the silica monoliths. In
order to do so, a mock wastewater solution containing only 15ppm sodium selenate was used to see the
effects of annealing on the retention of the selenate anions. Monoliths were annealed at 175C, 230C,
250C, and 375C. Figure 2 shows the leaching percentage of selenium from the monolith under each
annealing condition.

Figure 2. Selenium leaching percentages for monoliths annealed under various temperature conditions.
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For selenium monoliths which underwent no annealing, nearly all the selenium was leached after 24
hours in DI water. As the annealing temperature increased, selenium retention also increased.
Monoliths which were annealed displayed improvements in leaching percentage compared to nonannealed monoliths but still did not effectively retain the selenium. The monolith annealed at 375C
showed no leaching of selenate ions.
When the silica glass is annealed, it undergoes a densification process driven by interfacial energy. As
the glass becomes denser, its porosity can greatly decrease, along with its surface area [27]. This
decrease in porosity and surface area is likely the reason the silica glasses were able to retain more
selenium as annealing temperature increased. The higher the annealing temperature, the larger the
decrease in porosity and less surface area for the water to interact with the heavy metal ions [23].
Another probable reason for the increase in retention of selenium caused by annealing is condensation
of more hydroxyl groups within the silica glass. Further condensation can occur within the silica glass
structure as temperature increases because not all hydroxyl groups have reacted to form the silicaoxygen bond.
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To evaluate the effect of annealing on the retention of different metals of interest, a “five metal
solution” was used containing 15 ppm each of Cr, Se, B, Cd, and Cu. Monoliths were annealed at 175C,
225C, 275C, 325C, and 375C. Figure 3 shows the leaching percentage of each metal from the monolith
under each annealing condition.

Figure 3. Leaching percentages for monoliths containing five metals annealed under various
temperature conditions.

All metals besides boron saw decreases in the amount of metal leached as annealing temperature
increased. Despite being negatively charged ions, chromium and selenium retention increased
remarkably with higher annealing temperatures. The percent of hexavalent chromium leached in the
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225 degrees Celsius sample decreased by 55% compared to the 175 degrees Celsius sample, suggesting
the formation of an alloy between the silica and chromium at annealing temperatures 225 degrees
Celsius and above. Selenate leachate percentages saw a 84% decreases between the unannealed
monolith and the monolith annealed at 375 degrees Celsius. Figure 4 shows the metal concentrations of
the leachate of the monolith annealed at 375 degrees Celsius. Annealing the monolith at 375 oC led to
significant retention of both positively-charged and negatively-charged contaminants.

Figure 4. Heavy metal leaching percentages for monolith annealed at 375oC.

Compared to the silica glass with only selenium, the five-metal monoliths had 5 times the amount of
metal content. There are only a certain number of binding sites within the silica lattice, so the positive
and negative charged ions are competing with one another at these points [20, 23]. Because of this
competition, selenium retention in the five-metal monolith annealed at 375 oC was lower than the
selenium retention in the selenium monolith annealed at 375oC.
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To evaluate the effect of annealing on the retention of mercury, a “six-metal solution” was used
containing 15 ppm each of Hg, Cr, Se, B, Cd, and Cu. Mercury cannot be analyzed alongside the other 5
metals using ICP-AES, so different monoliths were made using the six-metal solution so mercury
retention could be analyzed separately. Monoliths were annealed at 175C, 225C, 275C, 325C, and 375C.
Figure 5 shows mercury concentrations of the leachate from the monoliths under each annealing
condition.

Figure 5. Heavy metal leaching percentages for monoliths containing mercury annealed under various
temperature conditions.

Significant reduction of mercury leaching occurred after annealing the monolith at 175 oC, and almost no
mercury leached from the monoliths annealed at 275oC and 325oC. The 375oC annealed monolith did
have about 7% of its mercury leach. This is likely due to this monolith breaking apart significantly more
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than the other monoliths during annealing, leading to a much higher surface area for the mercury to
leach into the water.
Silica is negatively charged and therefore more apt in retaining positively charged ions (as seen in
Kearns’ initial study where copper and chromium have good retention, while selenium does not).
Perhaps the positively charged contaminants are forming bonds with the silica lattice and do not require
existing bonds to be broken in order to bond. However, when the silica glass is heated, it is possible that
bonds are breaking and the metal contaminants, both positive and negative, have more sites to bond
within the structure after the heat energy is used to break existing bonds. This would explain why the
retention of both positively charged and negatively charged contaminants increase as annealing
increases. It’s almost as if with no annealing, the positively charged ions bond as an interstitial alloy, not
replacing any of the current atoms in the structure. But then as it is annealed, the contaminants bond
further as a substitutional alloy, replacing existing parts of the structure (color change).
Conclusions
The solidification/stabilization method using TMOS monoliths requires an annealing step for anionic
species of selenate, selenite, and hexavalent chromium to be successfully retained upon exposure to
water. Increasing temperature of annealing led to an increased degree of retention up to 375 degrees
Celsius for both anionic and cationic contaminants. The color change in the TMOS monoliths suggests
the formation of a metal-silica alloy which contains metal ions interstitially within its atomic lattice.
Selenium is historically very challenging to manage in wastewater streams. Particularly, the selenate ion
is not easily adsorbed and conversion to a more mobile oxidation state is a slow process [28]. This
solidification/stabilization method provides an effective route for containing and retaining selenate and
selenite ions. This method also successfully retained mercury, copper, hexavalent chromium, and
cadmium, which are all toxic heavy metals commonly found in industrial process wastewaters.
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Without further development, this method proves to have poor economy of scale due to energy
required for annealing and relatively high costs of TMOS. To further improve the economy of scale, it is
recommended that a cheaper precursor be considered such as sodium silicate. Methods for the low
temperature synthesis of sodium silicate from ash have recently been proposed [29]. A cheaper
precursor would reduce costs drastically and potentially justify the use of the energy-intensive annealing
step. Further research should be done on the presence of other ions commonly found in water (calcium,
magnesium, potassium, sodium, sulfur, etc.) and their effect on the retention of heavy metals within
silica monoliths. These developments need to be researched in order to apply sol-gel encapsulation of
heavy metals to industrial wastewater.
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